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Background: In the setting of limited resources, natural selection begins to occur between tumor clones. An experimental model
of in vitro tumor heterogeneity would allow us to evaluate various types of biological interactions arising from the joint cultivation
of phenotypically different tumor clones. Aim: To study the peculiarities of ecological relationships of breast cancer (BC) cell
lines MCF-7, BT-474 and MDA-MD-231 under co-culturing conditions. Materials and Methods: Three BC cell lines: luminal
A — MCF-7, luminal B — BT-474 and triple-negative — MDA-MD-231 were co-cultured pairwise. Inmunocytochemistry was
used to differentiate the cell lines in the wells. The effect of the cell-free culture medium on the growth rate of the alternate cell
line in the pair was also evaluated. Results: It was shown that when BT-474 cells were co-cultured with MCF-7 and BT-474 cells
were co-cultured with MDA-MD-231, two types of ecological interactions could be observed: commensalism and amensalism,
respectively. While the cells do not interact with each other in contact, the supernatants of single cultures of MCF-7 and MDA-
MD-231 exert the same effect on BT-474 as co-cultivation of BT-474 with these cells. Conclusions: The paracrine mechanism
of intercellular interaction between different human BC cell lines has been demonstrated. The models used in population ecology

can be applicable to identify the types of interaction between cell lines.
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It is known that tumors are heterogeneous con-
sisting of genetically and phenotypically different
malignant clones of tumor cells formed during the
clonal evolution of atumor [1]. Heterogeneity as a re-
sult of clonal evolution can occur at the genetic, bio-
chemical, molecular, phenotypic and morphological
levels [1-3]. For example, in breast cancer (BC),
there is a significant heterogeneity in the expression
of estrogen receptor, which determines sensitivity
to hormonal therapy in luminal BC type [4].

In the constantly changing conditions of the micro-
environment, intratumoral heterogeneity is a conse-
quence of the evolution of malignant cells. The individual
genetic features of each clone form a certain landscape,
which reflects the overall effectiveness of the tumor ad-
aptation to the evolutionary pressure exerted by tumor
host [5]. The high diversity of tumor clones in conditions
of limited resources increases the efficiency of natural
selection contributing to the emergence of more and
more malignant clones. The most interesting conse-
quence of intratumoral heterogeneity is the emergence
of various kinds of ecological relationships between
tumor clones, both negative and positive, which can af-
fect significantly the course and outcome of the disease.

The negative interactions of tumor clones (predation,
parasitism, amensalism) were observed only under experi-
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mental conditions, when two tumor cell lines were injected
into the animal. In the experiments of Miller et al. [6] and
Caignard et al. [7], upon the inoculation of the mixtures
of tumor cell lines to the same animal, the cells of one
line inhibited the growth of the cells of another line. Hav-
ing marked two tumor clones with vital dsRED and GFP
fluorescent dyes, Blackburn et al. [8] observed the effect
ofamensalism in the body of Danio fish over time [8]. Atthe
same time, the data for negative types of interactions
of tumor clones in vivoin humans have notbeen described
probably because the outsider clone is quickly eliminated
from the tumor mass due to natural selection.

On the contrary, the positive interactions of tumor
clones are described widely, both in experiments
on animals and in real clinical setting using multi-color
imaging of histological sections of tumors. Baban
etal. [9] and Tsuiji et al. [10] observed mutually benefi-
cial cooperation of tumor clones, which initially have
different biological properties (high metastatic, but
low invasive potential, and vice versa). The conclu-
sion about the symbiotic relationship is based on the
observation that the joint inoculation of tumor clones
in animals produced metastases containing cells with
low metastatic potential, which do not form metastases
upon single inoculation in the control.

A number of recent papers have presented evi-
dence of the presence of several malignant clones
in a tumor differing in their functions. For example,
in the study of tumor progression, the presence
of amarginal invasive front of a primary tumor is shown,
the cells of which due to the secretion of matrix
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metalloproteinases destroy the extracellular matrix.
They are followed by the rest of the pool of cells
allowing for the escape of tumor cells from the site
of the pressure exerted by the immune system facili-
tating dissemination of tumor cells in the body [11].

The use of modern imaging methods makes it pos-
sible to label and examine on a single histological
section several areas of the tumor bed, such as anin-
vasive front, center and periphery, as well asto assess
the state of the immune environment. Understanding
the spatial relationships of various tumor clones with
each other and an inflammatory infiltrate, analysis
of intercellular interactions and communications,
development of mathematical models of tumor cellular
composition can reveal new markers for cancer diag-
nosing and treatment [12]. However, at present, there
is no clear understanding of the molecular mecha-
nisms, due to which some tumor clones are maintained
or suppressed by others. For this, the first step is the
development of an experimental model of in vitro tumor
heterogeneity, where, under standardized conditions,
it would be possible to evaluate different types of bio-
logical interactions arising from the joint cultivation
of phenotypically different tumor clones.

In this regard, we have studied the model of intra-
tumoral heterogeneity, in which BC cell lines served
as the analogues of tumor clones. The intratumoral
heterogeneity of BC is well known and described, and
there are more than 100 BC cell lines, among which
it is easier to choose lines suitable for co-culturing.
To assess the interclonal interactions, we selected
MCEF-7, BT-474 and MDA-MD-231 cell lines isolated
from patients with different molecular subtypes (lumi-
nal-A, luminal-B and triple negative BC, respectively).
This decision was based on three observations. First,
different molecular subtypes can be observed in one
person [13]. Secondly, tumors with different subtypes
have a different prognosis, i.e. have initially different
biological behavior [14]. Third, the lines differ in the
expression of estrogen, progesterone and HER2 re-
ceptors, due to which they can be easily recognized.

The aim of the work was to study the peculiarities
of ecological relationships of BC cell lines MCF-7, BT-
474 and MDA-MD-231 under co-culturing conditions.

MATERIALS AND METHODS

Cell lines. MCF-7, BT-474 and MDA-
MB-231 BC cell lines originated from patients with
luminal-A, luminal-B, and triple-negative BC were
provided by the Cell Culture Bank of the N.N. Blokhin
National Medical Research Centre of Oncology of the
Health Ministry of Russia. Their molecular phenotypes
were as follows: MCF-7 — ER+/HER2-/PR-; BT-474 —
ER+/Her2+/PR-; and MDA-MB-231 — ER-/HER2-/
PR-. All the lines were represented by the adhesive
cells of epithelial morphology with a doubling time
of 50-70 h. The cells were cultured in DMEM with 10%
FBS at 37 °C in atmosphere of 5% CO..

Design of experiment. The investigated cell lines
atthe initial concentrations of 10,000 cells/cm? (MCF-

7 and MDA-MB-231) and 30,000 cells/cm? (BT-474)
were planted in a 24-well plate. Starting from the
second day of incubation, co-incubated cells and
control cells (cultured in monoculture) were removed
from the wells daily for 7 days. The experiment was
performed in triplicate, and at each time point cells
counts assessed in Goryaev chamber were averaged.
Identification of co-incubated cell lines was carried out
using immunocytochemistry (ICC) based on differ-
ent receptor expression (ER and HER2). In each well
with co-incubated cultures, the percentage of cells
of a particular cell population was counted.

Immunocytochemical analysis. The mixture
of removed cells was transferred onto a glass slide
using a Cytospin 4 centrifuge (ThermoFisher Scien-
tific, USA), fixed (fixation 10 min in 2% paraformalde-
hyde, permeabilization 15 min using 0.5% Triton X-100,
then fixing for 10 min in 4% paraformaldehyde), treated
with primary antibodies to ER and HER2 (Dako, USA)
and secondary antibodies conjugated with horserad-
ish peroxidase (Dako, USA). The staining protocol
included peroxidase block (5 min) (Dako, USA), ap-
plication of primary antibodies (25 min), secondary
antibodies (20 min), DAB chromogen (5 min) (Dako,
USA), and hematoxylin staining. The number of stained
and unstained cells was counted using a microscope
supplied with a camera. The total number of counted
cells from one transfer was within 6—-10 thousand.

Analysis of the spatial arrangement of cells
of different cell lines during co-incubation.
To study the propagation characteristics of MCF-7,
BT-474 and MDA-MB-231 cells under conditions
of co-culture, we applied preliminary fluorescent stain-
ing of BT-474 with CFSE viable dye (BD Biosciences,
USA) before their joint subinoculation according to the
manufacturer’s protocol. We evaluated the relative
position of the studied cultures during co-cultivation
on the basis of photographs obtained using a Cytation
3 cell analyzer (Bio-Tek, USA).

Analysis of the role of distant interactions
in cellular interaction. To clarify the possible
mechanism of cellular interaction, we investigated
the effect of cell-free culture medium of one cell line
on the growth of another. The medium was obtained
in the following way. Cell lines MCF-7, BT-474 and
MDA-MB-231 at initial concentration of 10 cells were
incubated for 4 days in 10 ml of DMEM with 10% FBS,
after which the culture medium was collected, puri-
fied from cells by centrifugation (1,200 rpm, 3 min),
aliquoted and frozen once at -20 °C.

Then, using xCELLegence cell analyzer (ACEA-
Biosciences, USA), we studied the effect of each
collected culture medium of MCF-7, BT-474 and MDA-
MB-231 celllines on the growth of these culturesinreal
time. The xCELLigence system uses custom-designed
plates with a high-density gold electrode array upon
which the target cells adhere and grow. Cells adhere
to the plate surface and influence the electrical impe-
dance across the array, which is measured and re-
corded by the xCELLigence software. The impedance
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values are converted by the software into cell index
(CI), which is then used as a measure of adhesion.

250 ul of DMEM with 10% FBS and 10,000 cells
of the corresponding cell line were added to each well.
Further, in each 4 wells, we added 250 pl of saline, cul-
ture medium from MCF-7, culture medium from BT-474,
or culture medium from MDA-MB-231 and incubated
the cells up to 300 h. The graphs obtained reflected
the increase in cellmass in each cell during incubation.

Statistical analysis. The statistical significance
of differences in the number of cells in the wells of the
plate was evaluated by the non-parametric Mann —
Whitney test.

RESULTS

For reliable subsequent differentiation of co-
cultured cell lines by ICC, we evaluated the staining

of HER2 and ER cell receptors in the original cultures.
It turned out that the surface-expressed HER2 recep-
tor in BT-474 culture was stained stably, while the
nuclear ER staining in MCF-7 and BT-474 was weak
and varied greatly from cell to cell (Fig. 1). In this
regard, we decided to further evaluate only two com-
binations of cell cultures, which we could confidently
distinguish by HER2 expression: MCF-7/BT-474 and
BT-474/MDA-MB-231.

On days 2 through 7, we estimated the growth
of cells of each culture under conditions of co-culti-
vation and compared them with cultures of individual
lines as controls. The presence of MCF-7 cells in the
co-culture contributed to the increase in the number
of BT-474 cells compared to their control values,
whereas the number of MCF-7 cells themselves was
at the same level as in the control fluctuating within
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20% (Fig. 2). A statistically significant increase in the
number of BT-474 cells in a co-culture compared with
the control was observed only on day 7 (p < 0.05)
probably due to the low growth rate of BT-474. This
type of positive relationship, when one cell line benefits
from co-existence with another one without harming
could be considered as commensalism.

When co-cultivating MDA-MB-231 and BT-
474 cells, on the contrary, a negative type of interac-
tion was observed: BT-474 cells inhibited the growth
of MDA-MB-231 cells, while the number of BT-
474 cells did not change in comparison with the con-
trol. Onday 2, the number of MDA-MB-231 cells during
co-culture was higher than in the control, but by day 7,
their number was lower than in the control (p < 0.05).
According to the ecological interpretation, this type
of relationship, in which one cell line undergoes inhibi-
tion of growth and development, and the second cell
line is not subjected to such changes could be con-
sidered as amensalism (see Fig. 2).

To assess whether there are any contacts between
cells of different lines when they are co-cultured, BT-
474 cells were previously stained with the vital CFSE
dye (Fig. 3).

According to the photographs, the cells were evenly
spaced along the surface of the well; no peculiar fea-
tures were found. The BT-474 cell line (marked with
green) is characterized by the presence of a large
number of intercellular contacts with the cells of its line,
so they grow as a dense group of cells. MCF-7 or MDA-
MB-231 cell lines are evenly distributed around them
(cells are not stained, only the nuclei are visible). Close
cell-to-cell contacts of cells from different cultures
were not observed at different periods of dynamic
observation, and in this connection the assumption

Cell number

Cell number

about the contact-mediated type of interaction in the
2D model conditions was not confirmed.

To test the assumption of the paracrine mecha-
nism of the influence of one cell culture on another,
we evaluated the change in the growth dynamics of one
cell line when adding a cell-free culture medium to it,
in which another line was incubated. The proliferative
activity of cells was monitored in real time using the
iCELLegence cell analyzer (ACEABiosciences, USA).

It was found that the addition of medium from MCF-
7 accelerates the growth of BT-474 compared to the
control (Fig. 4), while the addition of medium from
BT-474 inhibits the growth of MDA-MB-231 (Fig. 5),
which corresponds to the results obtained using ICC
after co-cultivation of tumor cell lines (see Fig. 2).

DISCUSSION

Modeling the processes of cell interactions occur-
ring in tumors in vivo is a very difficult task, since the
state of intratumoral heterogeneity is largely deter-
mined by tumor microenvironment. According to the
literature data, the extracellular matrix, the vascula-
ture and the immune cell infiltrate have the greatest
impact on the diversity of tumor cells [15]. A different
combination of these factors provides selective pres-
sure on tumor cells leading to increased intratumoral
heterogeneity arising in the process of clonal evolu-
tion [16]. With three-dimensional models of BC cell
lines, their great tumorigenicity is shown. Matrigel
or fibroblasts enhance tumorigenicity of BT-474,
MCF-7, T-47D, MDA-MB-231 cells inoculated to the
nude mice [17, 18]. In this regard, the simulation
of interclonal interactions in 2D-culture is a signifi-
cant simplification of the real situation but enables
us to study the molecular changes in different types
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Fig. 3 Micrographs and the total number of vital-stained BT-474 cells under co-culture with MCF-7 and MDA-MB-231 cells
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of interactions, caused exclusively by the influence
of cells of another clone.

We have demonstrated the positive or negative
cell-cell interactions between BT-474 cell line and co-
cultured cells, namely commensalismin a case of MCF-
7 cellsand amensalismin a case of MDA-MB-231 cells.

Two mechanisms of cellular interactions are pos-
sible — distant and contact-mediated [19, 20]. Con-
tact-mediated influence suggests juxtacrine signaling
in cell-cell contacts via ligand-receptor interaction, for
example, Notch signaling cascade [21], thin membrane
cytoplasmic connections — tunneling nanotubes [22],
gap junctions [23], desmosomes [24], etc. Distant sig-
nal transmission is possible through paracrine secretion
of various biological substances (cytokines, growth fac-
tors, microRNAs, extravesicles) to the environment [25,
26]. To assess the mechanisms involved in this ex-
periment we evaluated the mutual spatial arrangement
of cells of different lines during their joint passage, and
also evaluated the effect of secreted factors of one
culture on the reproduction rate of another one.

We did not reveal close contacts between co-
cultured cells of BT-474/MCF-7 and BT-474/MDA-

MB-231 lines suggesting that the contact-mediated
type of interaction is unlikely. On the contrary, the
influence of the culture medium of one cell line on the
growth rate of another one evidences on the distant
type of interaction.

According to the literature data, MCF-7, BT-474 and
MDA-MB-231 cell lines are characterized by an indi-
vidual secretory profile that differs in the composition
of cytokines, chemokines, growth factors, collage-
nases, exosomes, etc. MCF-7 cellline has anincreased
production of IL-1pB, IL-2, IL-12, IGF-1, TNF-a; BT-
474 cell line — IL-10, CRAM-B, MMP-16, E-cadherin;
and MDA-MB-231 cell line — IL-8, IL-10, ADAM17,
PIAUR, ITGA6, MMP-3, CXCL1, CCL-18, VEGF [27-31].

Hanahan et al. [32] described 6 major signs of can-
cer, among which the self-sufficiency of tumor cells
inrelation to growth factors was mentioned. Probably,
in the early stages of carcinogenesis, tumor cells pas-
sively adapt to the secretory microenvironment, but
later, under the influence of natural selection, they
acquire the ability to independently supply themselves
with growth factors, forming for themselves the condi-
tions in which their survival rate will be maximal.
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One of the possible ways of providing the neces-
sary signaling environment consists in modulating cells
of the immune system. Polarization of the immune
response along the Th2 pathway increases the risk
of tumor progression, which is associated with the for-
mation of IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, TGF-B and
other cytokines [33]. It has been shown that tumor cells
induce M2 polarization of macrophages secreting IL-
10 and TGF-B, VEGF into the environment, which also
leads to tumor progression and significantly reduces
the overall and relapse-free survival of patients with
BC [34]. Alsoin the in vitro model, a positive feedback
mechanism is shown, when the MDA-MB-231 cells ca-
pable of producing IL-8 stimulate the formation of the
same interleukin by fibroblasts/macrophages in the
case of co-incubation, which enhances the prolifera-
tion and migration of tumor cells [35].

The second possible way to create a suitable secre-
tory environment for tumor cells is to acquire the ability
to independently synthesize the necessary growth fac-
tors (auto and paracrine self-regulation). ER"/PR™ cells
express both a series of growth factors (i.e., EGF, TGF-
alpha, amphiregulin, heregulin, FGFs, IGFs) and their
corresponding receptors more frequently than ER*and/
or PR* BC cells, thus sustaining growth independently
of exogenous growth factor supply (autocrine loop) [36].

BC cell lines isolated from different patients and
having a different set of mutations have different pro-
tein expression profiles, microRNA, microvesicles [26,
37, 38], many of which affect cell proliferation. Given
that almost all tumors are heterogeneous and consist
of different cell populations differing in phenotypic and
genotypic traits for tumor growth, it is sufficient that
atleasta small part of tumor cells provides the neces-
sary growth factors. From the point of view of evolu-
tionary biology, in this case a positive type of interac-
tion (mutualism /commensalism) is formed between
the tumor cells, as a result of which their overall fitness
increases. Destroying the existing ecological system
of tumor cells and directing them towards negative
interactions, we can significantly advance in the search
for new approaches to treatment of malignant tumors.
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CtaH nutaHHsa: 3a yMOB 0OMeXEeHNX PeCcypciB NoYNHaE OiaTn
MPUPOAHUIA BiAGIP MK KIIOHAMU NYXJIMHHUX KNiTUH. Ekcnepu-
MeHTaslbHa MOENb reTePOreHHOCTI MYXWH in vitro [O3BONSE
OLiHWUTM Pi3Hi TMnNu BGionoriyHoi B3aemopji Npu cymicHOMY
KYNbTUBYBaHHI GEHOTUNOBI PISHUX KIIOHIB MYXJIMHHUX KITITUH.
Merta: Jocnigntu ocobnMBOCTI €KOJIOriYHMX B3aEMOBIOQHO-
CUH MiX KNITUHHUMM RNiHIAMU paky rpygHoi 3ano3um MCF-7,
BT-474 Ta MDA-MD-231 npu ix CyMiCHOMY Ky/lbTUBYBaHHI.
Marepiann ta merogm: [loONapHO CYMICHO KynbTUBYBanun
HaCTYMHi TPW NiHii KNiITUH paky rpyaHoi 3ano3n MCF-7 (nio-
MiHanbHun pak nigtuny A), BT-474 (nomMiHanbHUIA pak nig-
Tuny B) ta MDA-MD-231 (Tpuyi HeratmBHuin pak). KnitnHu
PI3HUX NiHIN Y YapyHKax nniaHweTiB andepeHLiiosanu 3a ao-
MOMOTOI0 iIMyHOLIMTOXIMIYHOIO 3abapBneHHs. BuBYanu Takox
edekTn 6e3KNITUHHOIO KybTypanbHOr0 CEPeaoBuLLLA Ha PiCT
OKPEMO B3ATUX KNITUH KOXHOI 3 B3aemMogito4mx nap. Pe3ysb-
Taru: Y pasi CyMiCHOro Ky/ibTUBYBaHHSA KNiTUH BT-474 3 kni-
TuHamu MCF-7, a TakoX CYMIiCHOro KynbTUBYBAHHS KNiTUH
BT-474 3 knitnhammn MDA-MD-231 cnocTepirann gea tvinu
€KOJIOMYHMX B3aEMOBIOHOCUH: KOMEHCcasni3aM Ta aMeHcaniam
BiANOBiAHO. KOHTAKTHOI B3aEMOAIT MiXX KNiITUHAMKM Pi3HUX Ni-
Hill BiA3Ha4yeHo He 6yno. BogHouyac 6e3kniTMHHE KynbTypasb-
He cepepoBule knitTnH MCF-7 Ta MDA-MD-231 cnpasnsno
TakmMn camuin edekT Ha PiCT KNiTuH BT-474, wo 1 npu cymic-
HOMY KyfbTUBYBaHHi. BucHOBKM: [1pOLEMOHCTPOBAHO, WO
B32EMOJis MiX KJIITUHAMU PI3HUX NiHIM paKy rpyaoHoi 3ano3u
ntoavHM BiaOyBaeTbCcs 3a napakpuMHHMM MexaHiamom. Moae-
Ni, Ki BUKOPUCTOBYIOTLCH B MOMNYASALINAHIA €KONorii, MOXYTb
3acTocoByBaTUCS An4 igeHTudikalii Tunis B3aeMoLii Mix pis-
HUMU NiHISMW KITITUH.

Knroyosi cnosa: niHii KNITWUH paky rpyaHOoi 3a5103u, MKKNITUH-
Hi B3aemMogji, ekonorig nonynauin nyxamHHUX KNITUH, NPUPOA-
HWIA BIOOGIp.



